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have multilineage potential and undergo maturation and differentiation to give equivalent proportions in both the mature autologous marrow transplants potentially provide an opporas well as the primitive stem cell compartment. In addition tune means of delivering genes in transfected stem cells these cells appear to selectively home to the femoral marrow capable of engrafting. However, despite widespread clinical interface. use of BMTs, and promising possibilities in gene therapy applications, relatively little is known regarding the mecha-
MATERIALS AND METHODS
nisms of engraftment in marrow transplant recipients. This is particularly true in the nonablated recipient setting.
Mice. BALB/c H-2D mice were purchased from Charles River
A bone marrow (BM) stem cell is thought to reside in a Laboratories (Wilmington, MA) and housed in a conventional clean hematopoietic ''niche,'' or a microenvironment containing facility for at least 1 week before experimental use. All mice received mouse chow and acidified water ad libitum. specific stromal and extracellular matrix elements. SuccessCell suspensions. Six to 8-week-old mice were killed by cervical ful long-term BMTs rely on stem cells homing to these dislocation. BM was collected from femurs, tibiae, and iliac crests.
niches. Micklem dull male marrow analysis, for the concentration which resulted in the greatest shift in mean channel fluorescence and/or the percentage positive cells cells into nonablated female recipients. After either 6 weeks or 6 months, the presence of donor cells was quantitated using fluoresdetected. The optimal dilution for each antibody was in the range of 1:10 to 1:100 (final). After a 15-minute incubation on ice, the cence in situ hybridization (FISH) and Southern blot analysis. At 6-weeks postengraftment, the spatial distribution of engrafted cells labeled cells were washed in PBS 5% HI FCS and resuspended at 10 8 cells/mL PBS 5% HI FCS. The cells were incubated with sheep was analyzed on sections of whole marrow using FISH. anti-rat IgG conjugated immunomagnetic polystyrene spheres (M-
Engraftment Quantification
450 Dynabeads; Dynal, Lake Success, NY) at 4ЊC for 3 minutes by adding a 1:1 bead:cell ratio. The beads were suspended in PBS 5%
Southern blot analysis. DNA extracts of BM were prepared by HI FCS, and when added to the cells resulted in 1.5 times the original lysis in 0.15 mol/L NaCl, 0.02 mol/L Tris, 0.02 mol/L EDTA, and cell volume. Immunomagnetic bead-rosetted cells were removed us-1% sodium dodecyl sulfate followed by purification using organic ing a magnetic particle concentrator (Dynal MPC-6), and the unroextraction with proteinase K, RNAse, and phenol-chloroform and setted cells remaining in suspension were harvested by pipette. The precipitation in ethanol. The presence of Y chromosome-specific beads were washed 3 times, and the supernatant pooled with the cell DNA sequences was assessed using a pY2-cDNA probe (donated suspension. The unrosetted cells were further incubated with antiby I. Lemischka, Princeton University, NJ). 24 Five micrograms of rat conjugated immunomagnetic beads at 4ЊC for 20 minutes by each DNA sample was digested with the restriction enzyme Dra I, adding a 4:1 bead:cell ratio, resulting in double the original cell and separated by gel electrophoresis in 0.8% agarose (GIBCO-BRL, volume. Again immunomagnetic bead-rosetted cells were removed Bethesda, MD). DNA fragments were transferred onto Zetaprobe using a magnetic particle concentrator, and the unrosetted cells renylon membranes (Biorad, Richmond, CA) according to established maining in suspension were harvested by pipette. The beads were Southern blotting techniques. Sample loading variability was aswashed 3 times, and the supernatant pooled with the cell suspension. sessed and adjusted for by reprobing membranes with a partial or Rhodamine 123 (Rh)/Hoechst 33342 (Hoe) labeled cell separafull-length cDNA for IL-3 (donated by J. Ihle and DNAX, Palo Alto, tion. Immunomagnetically enriched cell suspensions were washed CA). Probes were labeled with 32 P using a random primed labeling and resuspended at 10 6 cells/mL in PBS 5% HI FCS and incubated kit (Boehringer Mannheim, Mannheim, Germany), and an autoradioin a final Rh concentration of 0.1 mg/mL for 20 minutes at 37ЊC in graph made using Kodak XRP x-ray film (Eastman Kodak, Rochesthe dark. A final Hoe concentration of 10 mmol/L was then added, ter, NY). Blots were exposed to photostimulatable storage phosphor and the cells incubated at 37ЊC in the dark for a further hour. The imaging plates (Molecular Dynamics, Sunnyvale, CA), and the percells were washed in ice-cold PBS 5% HI FCS and held on ice in centage of male and female DNA quantified after scanning the plates preparation for sorting.
with a 400A phosphorimager (Molecular Dynamics). Labeled cells were analyzed on a FACStar plus cell sorter (Becton FISH. Cytospins were fixed in a 50% Carnoys (75% methanol/ Dickinson, Mountain View, CA) equipped with a 5-W argon ion 25% acetic acid) and 50% PBS solution for 10 minutes before being laser (Coherent Innova 90, Palo Alto, CA) running at 200 mW of baked at 72ЊC for an hour. The slides were then further fixed in 100% power, and a 5-W argon ion laser (Coherent Innova 90) running at Carnoys for 5 minutes before permeabilization using proteinase K 50 mW of power. Light-scatter signals were collected through a (0.2 mg/mL) (Sigma Diagnostics, St Louis, MO) enzymatic digestion 488-nm band pass filter and a 1-decade logarithmic neutral density in 20 mmol Tris buffer at 37ЊC for 1.5 minutes. The cytospins filter in the forward light scatter path. Hoe fluorescence was collected were dehydrated through graded ethanol, then denatured in 70% through a 424/44-nm band pass filter, and Rh fluorescence was formamide (GIBCO-BRL) in 2 1 SSC (0.3 mol/L NaCl and 0.03 collected through a 530/30-nm band pass filter. Cells with the predemol/L sodium citrate, pH 6.4) at 70ЊC for 3 minutes. The slides termined light-scatter properties of hematopoietic progenitors, were dehydrated once more, and hybridized with a digoxigenintermed ''blast cells ' 
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Cells in Nonablated Recipients
In situ detection of individual transplanted BM cells using FISH Five micrometer femoral sections were mounted on 0.01% poly- 14 days in a double-layer agar culture.
Nonspecific binding of the detection fluorochrome was blocked † Values are the means { SEM. Southern blots were probed with using a skim milk blocking buffer. Detection of digoxigenin was pY2 and the percentage male was determined using phosphorimage done using anti-digoxigenin-rhodamine Fab fragments. To preserve analysis, taking the male to be 100% and the female as 0%. Loading fluorescent labeling, sections were mounted in Vectashield. Fig 1) . This low level engraftment minutes, and finally in 4 1 SSC for 10 minutes. Cytospins were was confirmed by FISH on BM cell suspensions (Table 1) . counterstained in 0.4 mmol DAPI (4,6-diamidino-2-phenylindole) (Sigma) and mounted in the antifade media Vectashield (Vector, Burlingame, CA). Specific positive label was confirmed under the microscope by a visual check at excitation and emission wavelengths other than that of rhodamine. Samples were analyzed by multiple readers for verification of results.
Analysis of multilineage potential. Peripheral blood was collected from mice injected with 4,500 Rh/Hoe dull cells 6 weeks posttransplant. Red cells were lysed using 0.83% ammonium chloride at 37ЊC for 5 minutes. Residual cells were washed twice, first in PBS and then in PBS 5% HI FCS. Individual cell aliquots were labeled with the lineage specific primary antibodies MAC-1, GR-1, B220, or CD4/CD8 as described above. After a 15-minute incubation on ice, the labeled cells were washed in PBS 5% HI FCS and resuspended in the same initial volume. The cells were incubated with mouse serum-absorbed fluorescein isothiocyanate (FITC)-conjugated goat anti-rat IgG (Southern Biotechnology Associates, Birmingham, AL) at 4ЊC for 20 minutes in the dark. The cells were washed in PBS 5% HI FCS and held on ice until sorted. Each analyzed for donor cells using the FISH method described above.
For personal use only. at UNIV OF MASSACHUSETTS on April 3, 2008. www.bloodjournal.org From reconstituting ability were shown to be within the 1st through † Each peripheral white blood cell (WBC) subpopulation was ana3rd Hoe fluorescence percentiles and 1st through 15th Rh diated hosts has been achieved from as few as one or two stem cells with the help of mature support cells enabling the Six weeks posttransplant, the multilineage potential of mouse to survive while the stem cells amplify and feed out. transplanted cells was accessed by analysis of peripheral As such, the irradiated host represents an amplification unit, white blood cells from mice transplanted with 4,500 Rh/ providing a high yield from a small number of donor cells. Hoe dull cells. White blood cells were sorted into lineage subAs a consequence, this model was easily applied to the clinic, populations, and each subpopulation analyzed for donor cells where irradiation removed diseased cells, and reconstitution by FISH, using a Y chromosome-specific painting probe only required relatively small numbers of donor cells. How- (Table 2 ). Rh/Hoe dull cells were shown to home, proliferate, ever, cytoablative preparative treatment severely damages and differentiate, forming a detectable proportion of the macthe hematopoietic microenvironment. In addition, cytoablarophage (MAC-1), granulocyte (GR-1), B-cell (B220), and tive treatment is not desirable or feasible for many diseases T-cell (CD4/CD8) subpopulations. In the lineages analyzed, as it has multiple associated risks to the patient. (Fig 2) was equivalent to shown approximately 25% donor cells in the marrow 6 that found in the whole marrow. This highlights the mainteweeks after a transplant of 100 1 10 6 whole BM cells into nance of a significant population of donor cells with a primitive nonablated hosts ( Table 1 ). Assuming that this long-term Rh/Hoe dull phenotype. In addition, the data show for the first engraftment comes from the primitive Rh/Hoe dull cell populatime that the analysis of whole marrow in nonablated hosts is tion, we would expect the proportion of Rh/Hoe dull cells a true reflection of the proportion of donor cells within the engrafted into the marrow to reflect that seen following transprimitive Rh/Hoe dull stem cell compartment. plants with equivalent numbers of whole marrow. However, Spatial distribution of engrafted cells. The application our data showed only between 0.8% and 6.4% of these exof our new FISH technique on sections of paraffin embedded pected values (Table 4) . whole femurs allowed the identification of individual enIt is unlikely that this significantly reduced percentage of grafted cells ex vivo. Animals receiving Rh/Hoe dull cells were donor cells is the consequence of an immune mediated rejecanalyzed 6 weeks posttransplant. In all animals analyzed, tion against the H-Y (Y chromosome-associated histocomengrafted cells had a strong spatial association for the endospatibility) antigen. BALB/c H-2D mice were specifically teal surface (Table 3 , Fig 3C) , and in none of the samples chosen for this series of experiments because of their very were any donor cells found in the central marrow region.
low degree of immunoreactivity to the H-Y antigen. 28 These All of the donor cells detected were within 6 cells of the mice have previously been shown not to reject skin grafts endosteal surface, except for one donor cell which was from the opposite sex. 29 In addition, previous transplant exwithin 12 cells of the endosteal surface. After a transplant periments reported from this laboratory show expected levels of Rh/Hoe dull cells, donor cells almost always occurred as of engraftment following the transplant of male whole BM single entities. This distribution was unlike that seen followinto nonablated female recipients, 30 and this remains through ing a transplant of 100 1 10 6 whole marrow cells, where 25 months, the normal life span of a mouse. 7 Together with engrafted cells were seen distributed throughout the marrow the results of the whole BMT reported in the present study, as both large clusters as well as single cells (Fig 3E) .
which resulted in the expected levels of donor cell en- r It is also unlikely that the lower than expected percentage of donor cells 6 weeks after transplant is due to a lag phase of these cells, as very similar results were obtained after 6 months (Table 1 ). In addition, because of the very low number of cells transplanted, detection of donor cells relies on the proliferation of those initially injected. Not only were cells detected, but they comprised an equivalent proportion of mature circulating peripheral blood cells, whole BM cells, as well as Rh/Hoe dull marrow cells. These findings show that the transplanted cells are proliferating as well as differentiating.
The data suggest that an accessory, or facilitator cell interaction may be important for optimal stem cell engraftment surface may also be due to a requirement for osteoblastderived factors. Compared to the CFU-s, these cells are much more equivalent to the stem cell in their level of the hematoin a nonablated syngeneic transplant. Previous studies have poietic hierarchy. 40 also indicated a requirement for a facilitator cell interaction. Because of the technical impossibility of obtaining enough Kaufman et al 31 identified a potential marrow accessory cell donor ''stem cells'' to be able to detect these cells in the population, separate from hematopoietic stem cells, that famarrow in situ at very short time intervals posttransplant, cilitates engraftment of purified allogeneic marrow stem cells we had to rely on the engrafted cells proliferating to analyze in a major histocompatibility complex-specific fashion, in their spatial distribution. As a consequence, analysis was the absence of graft-versus-host disease. The same group done at 6 weeks posttransplant. At this time, donor cells, more recently showed the same phenomena of these marrow which consisted of progenitor cells, mature cells, and cells ''facilitator cells'' with the engraftment of fetal liver stem with the very primitive Rh/Hoe dull stem cell characteristics, cells in allogeneic transplants. 32 Following lethal irradiation, had a very high spatial association with the endosteal surface. it was suggested that such ''facilitator cells'' were not reHowever, it remains possible that these cells initially homed quired for syngeneic transplants. Our data further support to another marrow region and migrated to this area postprothe existence of a ''non-stem cell facilitator population,'' liferation. A definitive answer will require further technical but suggest that these cells are also required in a nonablated syngeneic transplant setting.
Our data also suggest a spatial localization of stem cell ''niches'' to the endosteal surface, with all donor cells hav- tion begins from an area with the least cell survival. 
